Conserving populations of environmentally vulnerable insect species requires a greater understanding of the factors that determine their abundance and distribution, which requires detailed knowledge of their population and community ecology. Chemical ecological tools such as pheromones can be used for non-destructive monitoring of scarab beetle populations, enabling European countries to detect and, in some cases, map the range of some of these species, proving a valuable technique for monitoring elusive saproxylic beetles. In this paper, we investigated the behavioural and chemical ecology of the noble chafer, Gnorimus nobilis L., a model insect species of conservation concern across a Europe-wide distribution, and a red-listed UK Biodiversity Action Plan priority species. We identified a potential pheromone of adult beetles using electrophysiological recordings, behavioural measurements and field trials in the UK. Gnorimus nobilis is highly unusual in that although both sexes produce, at high metabolic cost, the natural product 2-propyl (E)-3-hexenoate, it only attracts males. This pattern of chemical signalling makes the classification of the compound, based on current semiochemical terminology, somewhat problematic, but in our view, it should be termed an aggregation pheromone as a consequence of the production pattern. Since both sexes emit it, but apparently only males respond positively to it, 2-propyl (E)-3-hexenoate may reflect an intermediate evolutionary stage towards developing into a sexspecific signal. From an applied perspective, our study provides a model for the non-invasive surveillance of cryptic vulnerable insect species, without the need for habitat searching or disturbance, and continuous human monitoring.
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Introduction
Forests are a key resource of biological diversity, with their structural complexity providing ideal habitats for a particularly rich array of wildlife. Within forests, decaying wood is a key indicator for biodiversity and the species conservation value of a forest, and is an important substrate for a wide variety of insect species [1] . Whilst the harvesting of wood from forests across the UK and Europe is largely sustainable, levels of dead and decaying wood in most European countries remain below the optimum from the perspective of preserving biodiversity [2] . As a consequence, several insect species that utilize dead and decaying wood for their habitat are considered as environmentally vulnerable [3] . Some saproxylic beetles, such as those in the Scarabidaeae, have specific environmental requirements, i.e., they can develop on accumulating heartwood mould in the base of hollowing trunks, a process that is primarily driven by wood-decaying fungi [4] . Across Europe, this environment supports a unique variety of rare saproxylic communities. However, the European Red List of saproxylic beetles states that 11% of species are threatened, and the populations of a further 14% are in decline [5] . Perhaps worryingly, more than half of the species are classified as data-deficient, i.e., there is insufficient knowledge to assess their risks of extinction. Furthermore, despite their role in the ecosystem as decomposers and nutrient recyclers, few countries have any systematic monitoring schemes for saproxylic beetles and, with the exception of the stag beetle, Lucanus cervus L. (Coleoptera: Lucanidae) [6, 7] , there are no European initiatives to coordinate successful monitoring regimes to improve this situation.
To conserve populations of environmentally vulnerable insect species, including saproxylic beetles, a greater understanding of the factors that determine abundance, distribution and specialisation is urgently required, which in turn necessitates more detailed knowledge of their population, community and evolutionary ecology. In this paper, we report on understanding the behavioural and chemical ecology of the noble chafer, Gnorimus nobilis L. (Coleoptera: Scarabaeidae), a model insect species of conservation concern across Europe, and which is a red-listed UK Biodiversity Action Plan priority species [8] . Gnorimus nobilis is considered to be a 'remnant of the saproxylic beetle assemblage of Britain's post-glacial wildwood, which has survived through a history of woodland pasture management systems in certain refugia', and thus an indicator of sites with high level of ecological continuity [9] . Adult G. nobilis are iridescent green and the larvae are found largely in brown rot in the cavities of broadleaf trees in deciduous forests in mainland Europe [10] , while in the UK, it is mainly confined to veteran orchards (predominantly Prunus), with a few records from one forested area [5, 11] . The latter suggests that the distribution of G. nobilis may be wider than habitat searching has revealed, possibly since once a habitat is identified as suitable, efforts to determine presence are focussed on other regions with a similar habitat profile. The adults are diurnal and can be occasionally seen feeding and mating on flowers of Apiaceae and Adoxaceae, e.g., Heracleum sphondylium L. and Sambucus nigra L., respectively [10, 11] . Currently, the method for detecting G. nobilis presence relies on finding larval frass within tree hollows, since adults are rarely seen and only in very low numbers. The frass is lozenge-shaped and approximately 3 mm long, distinguishing it from the frass of other co-occurring species [11] . However, the larval habitat tends to be dry and above the ground, meaning that the decay time is longer than the two-year larval stage. Thus, this method leads to population numbers being overestimated. Confirming the presence of larvae within a cavity containing frass requires manually searching of tree hollows, which disturbs the habitat and such disturbance may result in the death of or damage to any larvae found in the process. In addition, it is impossible to return the habitat to its original condition, thus altering its potential as a suitable environment for G. nobilis and any other species therein.
Chemical ecological tools such as pheromones can be used as a recording technique for scarab beetles, enabling European countries to detect and, in some cases, map the range of some of these species, thereby proving a valuable technique for monitoring elusive saproxylic beetles [12] [13] [14] [15] [16] [17] [18] . Since many species in the Scarabaeidae use pheromones for sexual communication, and as there is an urgent need for a non-destructive detection tool for the conservation of G. nobilis, we embarked on identification of the potential pheromone of adult beetles in volatile extracts by electrophysiological and behavioural measurements and field trials in the UK. Our research expanded on approaches relating to the preservation of communities of endangered beetle species, such as G. nobilis, at sites and landscapes, in particular and relating to the interactions of beetles with their mates and host plants, and was aimed at providing underpinning science for the conservation of G. nobilis populations, including mitigating the impact of human intervention and climate change. We hypothesised that by considering volatiles produced by both G. nobilis and its nectaring plants, a more successful monitoring tool would be produced. This is particularly pertinient where the species is rare and numbers are believed to be low.
Methods and materials

Preparation of volatile extracts
Two methods were used to sample the headspace of live adult G. nobilis, after which all beetles were returned to their original habitat: i) Twenty adults (10 females and 10 males) were collected manually from nectaring sites and habitats, over two years from Bystrzyca, Poland (505 5 0 32.82@N 17˚24 0 35.16@E) and 6 (2 females and 4 males) from Worcestershire, UK (520 6 0 56.34@N 002˚06 0 46.81@W). Virgin beetles, field-collected before emergence, were sexed using the meta-tibia of the second leg, which is bowed in males, and the pygidium, which is notched in females and kept separately. Sexes were then isolated in a wide-mouthed glass vessel (60 mL) sealed with a rubber septum. The headspace was extracted 3 times for each sample for 20 min with a solid phase micro-extraction (SPME) fibre (Supelco 57342-U), coated with polydimethylsiloxane (PDMS, 100 μm); ii) For dynamic headspace collection (air entrainment), female and male G. nobilis were placed in separate glass chambers (80 mL, Biochem Glass Apparatus Ltd, UK), with no food or water source, at 20˚C/60% RH with a 16:8 hr L:D photoperiod. A filter paper disc (110 mm diam. WhatmanTM, UK), which was put in each chamber to provide a walking substrate for the beetles, was placed on a metal plate of the same diameter and fitted to the chamber with bulldog clips, thereby creating a non-sealed system. For each chamber, air was pumped into the chamber through an activated charcoal filter at 600 mL/min and drawn through a glass tube (8 cm x 0.3 cm i.d.), containing Porapak Q (50 mg) sandwiched between glass wool plugs, at a flow rate of 500 mL/min. In this way, volatile organic compounds (VOCs) were collected continuously for 5 h and eluted from the adsorbent using freshly distilled diethyl ether (750 μL). VOCs were collected from two females and three males. Collected VOC extracts were concentrated to 100 μL under a gentle nitrogen stream and kept at -20˚C in tightly capped microvials until use. A VOC extract of the headspace from an empty glass chamber served as negative control to detect system artefacts.
that the lamellae separated, facing the humidified air stream. A short piece of hair was inserted between the middle and innermost lamellae to ensure maximum exposure of olfactory sensilla to the air stream. The signals were passed through a high-impedance amplifier (UN-06; Ockenfels Syntech GmbH, Kirchzarten, Germany). Separation of VOCs collected from adult female G. nobilis was achieved on a GC (6890N; Agilent Technologies, Santa Clara, CA) equipped with a cool on-column injector and an FID, using a 50 m × 0.32 mm i.d. x 0.52 μm film thickness non-polar HP-1 column. The oven temperature was maintained at 30˚C for 2 min and then programmed at 5˚C/min to 250˚C. The carrier gas was helium. The outputs from the EAG amplifier and the FID were monitored simultaneously and analysed using a customised software package (Syntech). The compound, eventually identified as 2-propyl (E)-3-hexenoate, was defined as EAG-active if in five coupled runs it evoked an antennal response distinguishable from background noise. EAG responses (n = 4) were also recorded across a range of doses (0.01, 0.1, 1, 10, 100 and 1000 μg) of 2-propyl (E)-3-hexenoate after identification, loaded onto small pieces of filter paper. These were then placed inside Pasteur pipettes, and applied at 30 min intervals into the humidified air stream flowing towards the antenna, using a stimulus controller. Antennal responses were normalized against a solvent (hexane), which was delivered before and after the set of stimuli.
Chemical analysis of extracts
VOCs collected by SPME Fibres were analysed by coupled gas chromatography-mass spectrometry (GC-MS), using a 5890 Series II Plus GC, fitted with an Agilent DB5-MS column (25 m x 0.25 mm i.d. x 0.25 μm film thickness), coupled to an Agilent 5970 MSD. Each fibre was desorbed for 2 min in splitless mode, inlet temperature 240˚C and transfer line temperature 280˚C. The oven temperature was initially 50˚C (2 min), then programmed to rise at 10˚C/ min to 280˚C (5 min). Collected GC data were examined using AMDIS 32 deconvolution software and NIST 14 mass spectra library (www.nist.gov). VOC extracts were analysed on a HP 6890 GC, equipped with a cool-on-column injector and flame ionization detector (FID), and fitted with a 50 m x 0.32 mm i.d. x 0.52 μm film thickness non-polar HP-1 column (J & W Scientific), as well as a 30 m x 0.32 mm i.d. x 0.5 μm film thickness polar DB-WAX column (J & W Scientific). The oven temperature was maintained at 30˚C for 1 min, then programmed to rise at 5˚C/min to 150˚C and held for 0.1 min, then programmed to rise at 10˚C/min to 250˚C and held for 20 min. The carrier gas was hydrogen. Quantification of compounds was achieved using the single-point external standard method with a series of C7-C22 alkanes. For tentative identification of the EAG-active peak from female air entrainment extracts, an Agilent 6890N GC fitted with a capillary GC column (50 m × 0.32 mm i.d, 0.52 μm film thickness non-polar HP-1 column), and equipped with a cool on-column injector, was directly coupled to a magnetic sector mass spectrometer (Micromass Autospec Ultima; Waters, Milford, MA). Ionization was by electron impact at 70 eV, 220˚C. The GC oven temperature was maintained at 30˚C for 1 min, then programmed to rise at 5˚C/min to 250˚C, total run time 70 min. Tentative identifications were made by comparison of mass spectra with library database [20] , and confirmed by peak enhancement using an authentic standard on non-polar and polar GC columns.
One of the VOC extracts obtained from females was identified by GC analysis to be suitable for NMR, as the target peak comprised 90% of the total solute. The solvent was completely evaporated under a gentle stream of nitrogen, and the residue dissolved in deuterated dichloromethane (CD 2 Cl 2 , 15 μL). The sample was transferred and sealed in a capillary NMR tube. 1 H NMR data were collected with a Bruker Avance 500 MHz NMR spectrometer equipped with a 1 mm TXI capillary probe in CD 2 Cl 2 , referenced to 5.35 ppm.
Chemical synthesis of 2-propyl (E)-3-hexenoate
Since 2-propyl (E)-3-hexenoate is a novel compound that is not commercially available, it was synthesised to ensure enough material was available for structure conformation, bioassays and field trials. 
Y-tube olfactometry
Y-tube olfactometry experiments were carried out using individual adult G. nobilis. The following experiments were conducted: (i) live beetles vs control air; (ii) the headspace of H. sphondylium flower heads vs control air; (iii) synthetic 2-propyl (E)-3-hexenoate vs solvent control; (iv) headspace of flower heads + synthetic 2-propyl (E)-3-hexenoate vs solvent control. When offering live beetles as the stimulus, a single individual was placed in one arm of the olfactometer. One flower head/replicate was used. 2-Propyl (E)-3-hexenoate was tested at doses of 1, 10 and 100 ng, and 1, 10 and 100 μg. When tested together, 1 flower head and 100 μg of synthetic 2-propyl (E)-3-hexenoate was placed in one arm of the olfactometer. For each replicate, an individual beetle was released at the base of the Y-tube, observed for 5 min and the choice made was recorded. The air flow within the olfactometer was 400 mL/min. Throughout all experiments, no beetle was used more than once and the olfactometer was cleaned thoroughly between trials to avoid contamination. Olfactometry data were analysed in R 3.4.3 [21] , using the binomial exact test. The latter was a volunteer-run trial and only conditions i), iii) and iv) were sited. Traps were inspected every other day, when caught G. nobilis beetles were recorded, marked and released.
Live field trapping
The data units for the field experiments were number of insects caught/trap. As raw data did not fulfil the requirements for parametric statistics, capture data were analysed by a Kruskal-Wallis one-way analysis of variance, followed by pairwise comparisons by Dunn's test. All statistical procedures were conducted using R 3.4.3 and the Dunn test package (Dinno 2017).
Results
Gas chromatographic (GC) analysis of VOCs collected from virgin female and male G. nobilis by air entrainment revealed the presence of a major component in high purity with a GC Environmentally vulnerable noble chafers exhibit unusual pheromone-mediated behaviour retention unit value of 1026 (50 m HP-1 column) (Fig 1A) , which elicited electrophysiological activity from male antennae (Fig 1B, S1 Fig) . Coupled GC-mass spectrometry (GC-MS) analysis of a female VOC extract collected by SPME revealed the presence of the same component (Fig 2) , the structure of which was unknown. The 70eV EI mass spectrum (Fig 2) showed a base peak at m/z 43 and a molecular ion at m/z 156. Diagnostic fragments at m/z 114 (M+ -42, i.e., McLafferty rearrangement), m/z 97 (M+ -59, loss of a propoxy group) and m/z 69 (M+ -87, loss of a propoxycarbonyl group) indicated the compound to be a propyl ester of a C 6 -carboxylic acid with one double bond equivalent. Capillary-probe 1 H NMR analysis of a female VOC extract collected by air entrainment confirmed the presence of double bond resonances and signals commensurate with those expected adjacent to a double bond or carbonyl moiety (2-3 ppm). The large solvent peaks and other impurities made identifying which signals were relevant to the GC peak impossible. A COSY spectrum revealed the potential presence of a pair of spin systems, and these were investigated by 1-dimensional TOCSY experiments, showing a spin system that was consistent with a hex-3-enoyl moiety, and a second with a 2-propyl system (S2 Fig). Examination of the olefinic coupling constants revealed a large coupling constant of 15.4 Hz between the two olefin protons, indicative of a trans alkene geometry (S3 and S4 Figs). Tentative identification of the unknown compound was confirmed as 2-propyl (E)-3-hexenoate by comparison of NMR spectra, GC and MS data with an authentic sample prepared by chemical synthesis. Using the authentic standard, female and male beetles were estimated to produce ca. 3.5 μg/individual/hr and 2.5 μg/individual/hr of 2-propyl (E)-3-hexenoate, respectively.
Y-tube olfactometer bioassays, using adult male and female G. nobilis beetles, showed that males preferred the arm containing the odour of either a female or male in separate experiments (Table 1, S1 Table) . Female G. nobilis beetles, however, were repelled by the arm containing female or male odour (Table 1) . Synthetic 2-propyl (E)-3-hexenoate elicited EAG responses from male antennae in a dose-dependent manner (Fig 3, S2 Table) . In Y-tube olfactometer assays, males responded to the synthetic compound at doses of 1 μg and above (Table 1) , whereas females were repelled by the compound at all doses tested. Both sexes preferred the odour from H. sphondylium flowers compared to the control arm (Table 1, S1  Table) . Addition of synthetic 2-propyl (E)-3-hexenoate to the odour of flowers resulted in male responses to the combination being enhanced compared to either flower or compound when tested alone, whereas addition of the compound to the odour of flowers resulted in repellence in females (Table 1, S1 Table) .
In live field trapping trials in the UK, a total of 96 separate male G. nobilis were caught in traps; 18 in Pershore and 78 in the New Forest. No beetles were observed outside of the traps at any of the sites despite searching. For both sites, captures were significantly different across lure types (Worcester χ Table) . In Pershore, traps baited with 2-propyl (E)-3-hexenoate caught significantly more specimens than either the blossom alone (z = -3.14, P < 0.001) or control traps (z = -3.14, P < 0.01). There were no significant differences between any of the other treatments (all comparisons P > 0.1). In the New Forest, traps baited with 2-propyl (E)-3-hexenoate alone and with its binary combination with H. sphondylium attracted significantly more beetles than control traps (lure only z = -4.32, P < 0.001, lure and blossom z = 3.30, P = 0.002). 
Discussion
We used chemically synthesized 2-propyl (E)-3-hexenoate to create a platform for the development of a monitoring scheme for G. nobilis. To date, detection of this extremely rare beetle, with conservation status across its European range, has largely relied on detection of larval frass in tree hollows, or chance sightings of the adult. The former method may result in disturbance of habitats and, since the frass is slow to decay, possible inaccuracies in presence data. Sightings of the adult are uneven and more unreliable as a method of monitoring, and it should be noted that during all trials conducted here, searching for adults did not elicit any specimens, which alone would have led to the erroneous suggestion that the beetle was no longer present. Our results are particularly pertinent for the New Forest, where there were only 20 confirmed records since 1894 [22] . This is why our replicates for olfactometry were so low but, more importantly, the fact that 78 beetles were caught in 15 days shows the efficacy of the compound and demonstrates the validity of its use in future field surveys. Volatile pheromones play a critical role in insect biology and have long been explored as tools for management of pest species. By comparison, they have been less utilized for insects of conservation status, only emerging over the last 15 years as a new approach that applies research outputs to the conservation of insect biodiversity [23] , including mitigating the impact of human intervention and climate change. Pheromones have been isolated and used successfully as a monitoring tool for Osmoderma eremita Scopoli (Coleoptera: Scarabaeidae) [15] , Elater ferrugineus L. (Coleoptera: Elateridae) [12, 17] , Rosalia alpina L. (Coleoptera: Cerambycidae) [18] and Graellsia isabellae Graëlls (Leptidoptera: Saturniidae) [24] , enabling European countries to detect and, in some cases, map the range of some of these species, thereby proving a valuable technique for monitoring elusive saproxylic beetles [13, 15] . Since several members of the Scarabaeidae use volatile pheromones for sexual communication [25] , Environmentally vulnerable noble chafers exhibit unusual pheromone-mediated behaviour and due to the urgent need for a non-destructive detection tool for the conservation of the noble chafer, G. nobilis, a saproxylic species that is vulnerable across its Europe-wide distribution, we embarked on a study of the behavioural and chemical ecology of this species. Using a combination of behaviour, electrophysiology, analytical and field experiments, we showed that G. nobilis utilizes a volatile compound, 2-propyl (E)-3-hexenoate, as an essential part of its lifecycle, and propose that this compound is the only pheromone component, on the basis of GC-EAG results. Although the pheromone is produced by both sexes in large amounts, only males demonstrate a positive behavioural response. This peculiar pattern of chemical signalling is the opposite to the biological activity of the aggregation pheromone produced by the Environmentally vulnerable noble chafers exhibit unusual pheromone-mediated behaviour Cerambycid beetle Rosalia alpina, since in that case, the compound was only produced by males and attracted both sexes [18] . The production of 2-propyl (E)-3-hexenoate is predicted to be metabolically costly for G. nobilis, whose only food source as an adult is believed to be nectar [26] . Such a response to a volatile pheromone may reflect an intermediate evolutionary stage towards developing into a sex-specific signal [27] . Similar, although not identical, evolving sexual communication systems have been found in Holotrichia consaguinea Blanchard (Coleoptera: Scarabaeidae) [28] and in Agriotes sordidus Illiger (Coleoptera: Elateridae) [29] ; however, in these cases, both females and males were attracted to the female-produced pheromone. Leal et al [28] proposed that for H. consaguinea, the pheromone was yet to become sexspecific. According to Leal [30] , in some species of the Melolonthinae, including H. consanguinea and H. parallela Motschulsky, sex pheromones evolved from a primarily defensive role, evidenced by the large released amounts and their antimicrobial activity. This was also shown in a wasp, emphasizing the parsimonious use of the same semiochemical for intra-and intersexual communication and defence [31] . Demonstration of an additional defensive function for 2-propyl (E)-3-hexenoate in G. nobilis may support such hypotheses on the direction of signal evolution. Ester compounds are described as pheromone components in phylogenetically distant taxa of the Scarabaeidae. Female-produced, amino acid-derived methyl esters are widespread in the Melolonthinae subfamily, whereas ethyl 4-methyloctanoate is a male-produced aggregation pheromone constituent of a number of species in the Dynastinae subfamily [25] . The discovery that G. nobilis also utilizes an ester for intraspecific sexual communication indicates that this class of compounds have gained similar functions during the evolution of different lineages of the Scarabaeidae.
The classification of the compound, based on the current semiochemical terminology [32] , is somewhat problematic, but in our view, it should be termed an aggregation pheromone [33] as a consequence of the production pattern. The fact that 2-propyl (E)-3-hexenoate is emitted in large amounts also indicates that it may act together with habitat volatiles to signal the presence of mating sites to conspecific males [34] . However, it is an open question why there is such a remarkable difference between female and male responses to the pheromone and plant volatiles. In laboratory bioassays, females were repelled by the pheromone, and when it was added to otherwise attractive plant odours, it curtailed positive responses. It is possible that it aids the dispersal of egg-laying females in the habitat, seeking hollow trees which are in short supply, to avoid the negative effects of high-density breeding sites on larval survival. Thus, a possible volatile-mediated mate-finding scenario for G. nobilis is that freshly emerged beetles utilize plant volatiles, among other floral cues, to find feeding sites. 2-Propyl (E)-3-hexenoate may signal to mated females the presence of a high number of individuals at a particular location, and force them to disperse to neighbouring feeding sites. Males, however, are attracted to feeding females and males and the pheromone helps them distinguish conspecifics from similar Cetoniinae species, e.g., Cetonia a. aurata L. or Potosia cuprea Scop. Mate recognition might occur via contact semiochemicals [35] . Although not investigated in this study, female G. nobilis likely possess the sensory capabilities to detect the pheromone (autodetection, [36] ), as it was recently described for other members of the Coleoptera [29] .
In terms of lure development, future studies may focus on the identification of floral compounds from nectar plants of G. nobilis, e.g., S. nigra, that may elicit synergism when applied together with the pheromone. A combined synthetic lure would make the frequent replacement of live plant material in the traps unnecessary and would extend the longevity of the attractant in the monitoring device. However, the necessity for field observation as a pre-requisite for successful lure development must be emphasized, especially where the ecological characteristics of the species vary across its distribution. Where possible, the development of lures should be a two-pronged procedure involving both the collection of volatiles and field-based behavioural studies. Another possible direction for the improvement of trap performance is research into the colour sensitivity of G. nobilis. Several diurnal members of the Cetoniinae respond to colour [37] , but not to the circularly polarizing exocuticle of conspecifics [38] . In fact, the appropriate trap colour can greatly enhance activity of the volatile lure in several scarab species [37, 39] , which might also be the case in G. nobilis.
In summary, our study has provided underpinning science for the conservation of endangered G. nobilis populations at sites in the UK, including mitigating the impact of human intervention and climate change. The study forms the basis for non-invasive surveillance of the cryptic G. nobilis, potentially enabling detection of live specimens without the need for habitat searching or disturbance, and continuous human monitoring. Furthermore, as the synthetic pheromone is relatively simple to produce and can be applied in an already existing trap design, the platform is set for the development of a low-cost detection and monitoring tool. An obvious drawback of a live trapping device is the need constantly to remove captured specimens from the traps. However, as the detection of the species only requires a short period during its swarming, it might not prove to be overly labour-intensive. Further efforts will focus on the identification of plant-based attractants, as well as the effect of colour on beetle behaviour, and will test combinations of olfactory and visual cues for maximum trapping efficacy.
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